Small Angle X-rays Scattering Spectroscopy (SAXS) is the method of choice for nanoparticle diameter and concentration determination. It is metrologically traceable for spherical nanoparticle mean diameter determination and does not require any sample preparation or calibration. On the other hand, Single Particle ICPMS (SPICPMS) is still under developments and requires involved process clarification and accuracy improvement. The strategy of this study is the comparison of the two techniques to study comprehensively SPICPMS performance and observe phenomena otherwise hidden.
Contribution to Accurate Spherical Gold Nanoparticles Size Determination by Single Particle Inductively Coupled Mass Spectrometry: a Comparison with Small
Angle X-ray Scattering Valérie Among the ensemble methods, small angle X-ray scattering (SAXS) provides total surface and gyration radius of primary particles as well as radius of gyration and inner fractal structure of aggregates 3 . It can also evaluate nanoparticles concentration in a liquid suspension 4 . SAXS is a metrologically traceable technique for mean diameter determination of spherical nanoparticles that is traceable to realizations of the SI unit "metre" 5 . It requires therefore no calibration by reference particle sample.
Although SPICPMs is not a metrologically traceable technique, it has many strengths to become a useful complement of more established nanoparticle characterization methods such as SAXS and microscopy. It is in particular the only technique that can characterize single nanoparticle chemical and isotope composition. The latter is rarely mentioned but nanoparticle isotope measurement is a subject of great importance as isotope nanotoxicology is the most reliable way to study nanoparticle environmental impact 6 . It can also measure highly dilute nanoparticles suspensions which is not the Despites its strengths and the fact that its feasibility has already been demonstrated a decade ago 7 , SPICPMS is still under development. Its ability to measure quantitatively and accurately nanoparticle suspensions has never been to our knowledge really demonstrated, even if it is applied to numerous toxicological and environmental studies 8 . D. Montaño and co-authors have listed in a very exhaustive review the pressing issues facing the technique if it is to be used for routine analysis 9 : lack of sensitivity (especially for light element such as silicon), lack of suspension reference materials, a need 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  of validated sample preparations and matrix effect evaluations for minimal sample perturbation and better accuracy, a better knowledge and accuracy of transport efficiency, and finally a better control of transport, ionization and sampling processes along the droplet trajectory from the nebulizer and into ionic cloud inside the plasma ... This work proposes a comprehensive confrontation of quadrupole SPICPMS with SAXS in order to, investigate the method, better understand involved mechanisms and solve some of the aforementioned difficulties. SPICPMS has already been compared to other techniques 10 but to our knowledge never comprehensively to SAXS even if it is the method of choice for nanoparticle characterization. This study is realized through the analysis of 6 gold nanoparticle suspensions distributed over a large range of size (30-150nm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . By measuring transmitted beam ߶ and scattered x-rays ‫݆݅ܥ‬ with the same detector, and assuming the source stability (around ±1% during acquisition ‫,)ݐ݀‬ intensities 4 can be simplified and calculated as :
Where ‫ܦ‬ is the detector to sample distance, ‫‬ is the detector pixel size and thickness is the sample thickness. ). The 50nm standard is processed with MC SAXS, a Monte Carlo algorithm, its size distribution being significantly different from Gaussian 12 .
The quadrupole ICPMS is an iCAPQ (ThermoElectron) classically equipped with a glass nebulization chamber using a Peltier cooler. It is tuned in high matrix mode, with a dwell time set to 7ms unless other value specified. The sample is nebulized via a PFA-ST nebulizer in the range of 100 to 250µL/min (Elemental Scientific) or a conical 1mL/min glass nebulizer (Glass Expansion). Sampling depth is set at 5, the optimal position for gold on the instrument 13 . Data are acquired via the 
Results and discussion

Sample characterization
The development of SPICPMS for metrological purposes requires comparison with other analytical techniques. Indeed, the method is based on external calibration and there is, to our knowledge, no commercial suspension certified in concentration and diameter. To evaluate SPICPMS performance, it is then mandatory to access a large variety of, if not certified then well-characterized monodisperse suspensions. The strategy of this study is therefore to collect accurate characterization measurements to studying comprehensively SPICPMS performances and observe phenomena otherwise hidden if working only with supplier data.
The important parameters, assuming that nanoparticles are spherical, are size distribution (i.e. average value and standard deviation) and concentration. The definition of size is technique dependent. SPICPMS measures for each nanoparticle a number of atoms that is transformed into an equivalent diameter assuming the density. TEM gives access to the direct measurement of the diameter of a gold sphere projection on a plane surface. (Figure 1 ). DLS measures the suspension average hydrodynamic diameter which is larger than the average diameter of the gold atom spheres. SAXS is the method of choice for nanoparticle diameter determination. Experimental uncertainties depend on few parameters (x-ray wavelength, sample to detector distance, beam divergence, ) as well described by Brian Pauw 17 . By using a well-known calibrant 18 , mean diameter uncertainty is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 estimated below 0.5%. Size distribution depends on model fitting method. The accuracy of the distribution itself reaches about 10%.
SAXS number concentration uncertainty is generally estimated at 10%. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 determinations, meaningful deviations are also observed. Looking in more details, the discrepancy between SAXS concentration measurements and SAXS+ICPMS measurements could even appear as incoherent assuming classical measurement uncertainties for both SAXS and ICPMS. The reason for this could be that gold concentration determination by ICPMS after dissolution measures gold ions resulting from both nanoparticles and dispersed gold mini clusters resulting from synthesis that are too small to be detected, but inducing probable concentration overestimates.
From these results, it can be concluded that diameter and concentration determinations by SAXS of commercial suspensions are mandatory if these suspensions are to be used as size or transport standards. Concentration values impact indeed number transport efficiency directly and hereafter the entire analytical process. In the rest of this work, SAXS determinations are preferred for both diameters and concentrations.
Stabilization
SPICPMS requires a drastic dilution of sample suspensions to analyze one nanoparticle at a time.
Because solid particle dispersions in liquid is not a stable state of matter, highly diluting suspensions generally leads to destabilization and even to dissolution. A balance has to be struck, diluting suspensions (typically 25000 p/mL) just enough to minimize the probability of presence of several nanoparticles in the plasma and not too much to reduce destabilization. The literature reports that SPICPMS analysis is classically performed in water 9 . Unfortunately diluting in water avoids dissolution but not aggregation or sedimentation. Considering gold nanoparticles, these are always coated by organic molecules to eliminate aggregation. Those organic molecules exist in equilibrium between nanoparticle surfaces and liquid bulk and this equilibrium is destabilized when diluting heavily in pure water. This disequilibrium can also, in our experience, lead to long-term instrument contamination. In Chitosan is a naturally occurring polymer that is soluble and stable in hydrochloric acid 19 . Its affinity for gold 20 has often been reported, making it a good candidate for gold nanoparticle stabilization. To validate its performances, nanoparticle suspensions are first diluted by a factor 10 in HCl 2%v/v in the presence of chitosan and analyzed by DLS and SAXS. It appears that suspensions are stable for a least 1 week whereas dilution in HCl alone produces fast sedimentation and probable dissolution.
Measuring hydrodynamic diameters that include both gold nanosphere and chitosan coating, DLS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 shows as expected a very large size increase compared to stock water suspensions. The average diameter increases from about 120nm to above 330nm. Chitosan being invisible to SAXS, no diameter modification is found demonstrating the absence of aggregation or dissolution. The combination of all these observations indicates that chitosan encapsulates nanoparticles, stabilizes their dispersion in the liquid and protects them from dissolution.
The influence of chitosan is also studied by ICPMS. Chitosan addition to hydrochloric acid shows no influence on standard solution calibration. Blank signal average and standard deviation are comparable to hydrochloric acid alone. Nanoparticle average signal intensity remains stable when H 2 O is replaced by chitosan in HCl 2%. (Table S1 ). Chitosan in HCl will therefore be systematically used in the rest of this study both for nanoparticle and gold ion dilutions.
Transport Efficiency
As no nanoparticle suspension concentration standard is commercially available, nanoparticle size determinations are classically realized by external calibration with dissolved Au standard solutions.
Such calibrations require accurate determination of the transport efficiency. As described by Ranville 21
and co-authors, there are three main calculations of transport efficiency: waste collection, particle size and particle number concentration methods.
The waste method assumes that analyte flow entering the plasma equals the nebulizer uptake flow minus the waste flow which is not the case; a portion of the sample flow is evaporated by the argon gas and the nebulizing chamber concentrates the sample by condensation 22 .
The particle size method η size is based on the assumption that nanoparticles remain unchanged between the nebulizer and the plasma entrance whereas solutions are partitioned in the nebulizing chamber. This method is attractive as not requiring suspension concentration measurement but it implies that nanoparticles are totally ionized in the plasma or totally detected whatever their size. This point will be studied in details later.
Finally, particle number concentration transport efficiency (η number ), the most widespread method, assumes particle concentration being perfectly known thanks to an independent technique such as SAXS. It is classically calculated as:
Where N spk is the number of nanoparticle spikes detected with intensity superior to background cutoff (blank mean value + 5σ), [AuNPS] is the nanoparticle number concentration of the suspension deduced from an independent technique e.g. SAXS, D is the analysis duration and F is the nebulizer flow.
The accuracy of SPICPMS depends largely on that of the transport efficiency determination 23 . It is an essential value which is currently rarely evaluated critically. The actual tendency consists in the determination of η number on only one suspension, not certified in particle number concentration and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 performed at a single dilution. The uncertainty reported is therefore the repeatability which does not comprehensively evaluate the transport efficiency accuracy. We propose to evaluate transport efficiency accuracy in a more complete manner focusing on the influence of size and concentration but restricting our study to gold nanoparticles. This study is based on SAXS determinations. The results are reported in Table 2 and Tables S2-S5. The instrument stability is shown with measurement repeatability evaluated on a 100nm suspension. A RSD value of 4% is obtained. Sampling reproducibility is studied, measuring first 60nm then 100nm suspensions across a range of concentrations. Reproducibility then increases to 7% with no relation between transport efficiency and nanoparticle concentration. This confirms that nanoparticle concentration has no influence on transport in the range studied but shows that the sampling method induces dispersion.
. As mentioned above, dilution of nanoparticles suspension is an important issue. In our experience 24 , many phenomena can disturb suspension dilution such as nanoparticle destabilization, significant nanoparticle adsorption on vials or pipette tips surfaces or a lack of suspension homogeneity during sampling . In this work, sampling is realized shortly before analysis by successive weight dilutions (typically 3 or 4) in HCl solution in presence of chitosan to avoid destabilization. Suspensions are shaken for a few minutes before sampling as recommended by the supplier. Sonication, which is most often used, has been discarded here as it can lead to other perturbations like aggregation 24, 25 . The last experiments focus on the influence of nanoparticle size. The use of suspensions of various gold nanoparticle sizes degrade the reproducibility. This is very probably exclusively due to the additional error brought by the concentration determination. It can be deduced from these measures that in this work SPICPMS accuracy can hardly be better than 20% if based on particle number transport efficiency accuracy. It has to be added that this statement doesn't take into account additional errors that can also deteriorate reliability 23 .
Calibration
SPICPMS calibration is classically realized with standard solutions but it is also possible to calibrate with nanoparticle suspensions. The method accuracy then depends on those of the suspensions. The variation of signal intensity average versus cubed diameter is shown on Figure 3a and Tables S6. The   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 figure compares the experimental points in the range of 30 to 150nm with the expected calibration curve calculated from the linear equation bellow:
Where: ‫ܫ‬ ேௌ is the calculated SPICPMS nanoparticle signals average counts, M SAXS is the nanoparticle mass calculated from SAXS diameter measurements, a and b are respectively the standard solution calibration curve intercept and slope, DW is the dwell time and F is the nebulizer flow.
Experimental points, except for the lowest values, appear to be very distant from the expected calibration curve, the experimental variation curve rolling off at high diameters. Deviation from linearity has already been reported 14, 26, 27 . It was suggested that it could be attributed to an incomplete vaporization of nanoparticles in the argon plasma or to detection difficulties 26 . Nanoparticle vaporization in the argon plasma can be viewed as a two-stage process: the heat transfer from plasma to particle and the mass transfer from the particle to the plasma 28, 29 . In mass transfer limited vaporization, vaporization is controlled by material removal rate from the nanoparticle surface. The particle diameter decreases linearly with time, independently from the particle radius. In heat transfer limited vaporization, the vaporization is limited by the energy flux towards the particle surface. The phenomenon then scales with particle radius squared. In the measurements reported here, nanoparticles signals counts versus diameter squared is linear in the range of 30-150nm apparently fitting with a mass transfer limited vaporization process. (Figure 3b ). It can theorized from this result that only an outer shell of the gold core is evaporated, ionized and thus analyzed or that just of an external portion of the ionic cloud is measured by the detector. It has to be pointed out that this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 result is coherent with a recent study demonstrating that SPICPMS is sensitive to nanoparticle shape 30 .
To better understand these results, the calibration is reproduced at lower RF generator power. In cold plasma conditions, sensitivity is reduced and plasma parameters are modified. At 1000W, the calibration curve versus cubed diameter is surprisingly linear in the range 50-150nm, the 30nm nanoparticles being undetected in these operating conditions. ( Figure S1 ).
To state between plasma issues and incomplete detection, the calibration is reproduced in hot plasma conditions but moving the torch sideways to preserve plasma conditions while diminishing signal amplitude. (Figure S2 ). Here also, the smallest nanoparticles are again not detected because of the poorer ionic cloud sampling caused by the improper torch alignment with the sampling cone. The calibration curve is linear for low intensity signals (50-100nm) before rolling-off. These results are in agreement with MR Winchester and co-authors who showed that the reduction of sensitivity extended the linear dynamic size range of SPICPMS up to of 200nm-diameter nanoparticles 14 .
From these experiments it is then possible to ruleout incomplete vaporization hypothesis. Linearity deviation is thus related to detection issues.
Detection
Secondary electron multiplier detectors have two working modes: counter and analog. Detectors deactivate the counter mode if the number of impacting ions exceed a defined limit. This tripping is performed before a defined delay. If both conditions are met, the detection is operated in the analog mode. If the time limit is exceeded, the detection is realized in the counter mode.
Whatever model of quadrupole ICPMS, detection disorders have already been observed and questioned by several authors. Some stated that in a Gaussian pulse, the signal could rapidly exceed the dynamic range of the detector 26 . The counter / analog tripping has also been accountable for the lack a linearity. The remedy then consisted in diminishing the instrument sensitivity to remain in counting mode 14 . Other authors pointed out that the detector dead time could induce significant errors 31, 32 . To our knowledge, none of these articles proposed a solution to improve the detection of single nanoparticle quadrupole ICPMS without sacrificing sensitivity.
The counter analog tripping timeout is a parameter that can be changed. When analyzing dissolved compounds, signals are roughly constant overtime. The counting threshold timeout is then set to very short delays to protect the detector from deterioration. Detections parameters are typically set to 20µs for the timeout and 25cp for the counting threshold. The counter / analog tripping point reaches then 1 250 000 counts per second. Conversely for single particle detection, the timeout is extended to long delays to avoid untimely tripping of the analog mode, analog mode being less sensitive than counting.
In these slow gating conditions, the timeout is typically set to 1000µs and the threshold to 1250cp to not to modify the tripping point value 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 influence on both size of nanoparticles studied. The optimum timeout for both sizes appears to be around 200µs. If the timeout is too short, the detector gates to analog from very small quantities of ions. If it turns out that the total quantity of ions is low, the signal is detected in the analog mode with a lower accuracy or even not detected. On the contrary, if the timeout is too long, the detector keeps to counter mode and a significant part of the signal can be lost. The optimum timeout coincides with the typical rising width of single nanoparticle ion profiles 32 . The detector should therefore gate to analog before the ionic cloud which results from nanoparticle vaporization propagates towards the sampling cone and reaches its maximum amplitude.
If the signal intensity is stable as for dissolved compounds analysis, the relevant parameter is the tripping point value. If the signal is inferior to this value, the detection is realized in counting mode. On the contrary, the analog mode is selected. For transient signal, the tripping point value is not anymore a relevant parameter. The number of counter/analog tripping events has been calculated for each point of Figure 4 . (Table S7 ). For 150nm-nanoparticles, the number of tripping event doesn't exceed 70% of total number of spike detected even if the average signal reaches 2 million of counts per second, a value far above the tripping point value. The number of tripping events has also been calculated at the optimum timeout for the entire set of nanoparticle studied. (Table S8 ). The results
show that counter /tripping can occur largely before the tripping point value. As an example, 80nmnanoparticle mean signal intensity is about 300 000 counts per second while 56% of the spike events are detected in the analog mode .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Figure 5. Influence of detection parameters on SPICPMS 150nm-signal distribution
Detection tripping parameters show not only an influence on signal mean value but also on signal distribution diagrams as shown on Figure 5 . The figure shows for the slow gating conditions an unsymmetrical long tailing signal distribution which is a distribution shape that is often reported for large nanoparticles 14, 33, 34 . Tuning detection diminishing gating delay improves the distribution. It appears as symmetrical except for a tiny shoulder before the peak. ( Figure S3 ). This shoulder is attributed to missed counter / analog tripping events that could not have been totally eliminated by the detection tuning. To confirm the contribution of the detector timeout tuning, the SPICPMS calibration is renewed in hot plasma in the range 30-150nm. The Figure 6 compares the experimental points in the range of 30 to 150nm with the expected calibration curve calculated from the linear equation 3. (Table S9 ). With these operating conditions, the variation of nanoparticle signal average with cubed diameter is linear 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and data are fully coherent with the theoretical calibration curve. It can added that it seems from these results that dead time correction is unnecessary with our instrument in the signal range studied.
Size Transport Efficiency
If the calibration is linear, it is relevant to calculate transport efficiency basing on signal intensities instead of particle numbers. As shown above, number transport efficiency accuracy can be quite low.
η number relies not only on particle number concentration which is not certified but also on the cut-off value distinguishing signal from baseline. This value is chosen by the operator generally as the blank mean intensity + n X σ, with generally 3 ≤ X ≤ 5 15, 35 . On the contrary η size avoids two major difficulties, the nanoparticle concentration determination and the accurate dilution process as it is only based nanoparticle signal intensity.
The particle size transport efficiency η size can be defined as the ratio of the nanoparticle mass to the calculated mass obtained from the calibration curve. Theoretically equaling η number, it can be calculated by the following Equation 4 :
Where ‫ܫ‬ ேௌ ௫ is the experimental SPICPMS nanoparticle signal mean distribution. Table 3 lists both ηnumber and ηsize values. ηsize average value is fully coherent with ηnumber and its accuracy is improved. In conclusion, particle size transport efficiency ηsize is, according to this study, more relevant than particle number concentration ηnumber even if there seems to be a general acceptance for the latter. 
Size distribution determination
The last part of this work consists in applying the results to the determination of commercial suspensions bought from various suppliers. The first suspension is chosen because of its large size 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 that is 135nm as announced by the supplier. The second one is a suspension of smaller nanoparticles 40nm to demonstrate the validity of method for various sizes. The third suspension is a monodisperse size suspension of 50nm gold nanoparticles. This sample is chosen to compare the width of diameter distribution by SAXS and SPICPMS.
All suspensions are analyzed by SAXS and fitted by a Gaussian distribution. Mean diameters and standard deviations of the population Gaussian distribution are listed in Table 4 . The monodispersity of the samples in diameter is good especially for the 50nm sample as expected, but the measured average sizes are significantly smaller than advertised by sellers. 
The SPICPMS experiment includes the analysis of three nanoparticles suspensions (60, 100 and 150nm) for η size determination, a standard solution calibration curve, the nebulizer flow and the measurement of the three samples. (Table S10 ). All signals are fitted by Gaussian distributions, as performed for SAXS. The results are shown in Table 4 . SPICPMS Gaussian distribution mean diameters are very consistent with SAXS, except surprisingly for the ultra uniform 50nm sample. The experiment is repeated after one week decreasing the dwell time from 7 ms to 3 ms. Under these operating conditions, the sample concentration is divided by a factor of 2 and the analysis duration is increased from 1200s to 2400s to keep the number of detected nanoparticle unchanged. The Gaussian distribution average diameter remain constant at 45.7 nm with a σ of 5. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Figure 7 compares SPICPMS size distribution with both SAXS and SPICPMs fittings. The 135nm and 50nm samples show several well-defined peaks. On the 135nm diagram, a first peak appears slightly before 100nm. This has probably no physical reality. It may be due to a detection artefact not fully eliminated by the detection tuning as explained before. The third peak at about 150nm corresponds to the detection of two nanoparticles. The reason for that can be the presence of two nanoparticles at the same time in the plasma or the analysis of two primary nanoparticles aggregates or the assembling of two nanoparticles trapped in the same chitosan polymeric strand. The experiment performed at smaller dwell time and lower concentration showed no modification of the diameter distribution. This indicates that the peak is not due to a simultaneous presence of nanoparticles in the plasma.
The ultra uniform 50nm-sample shows even more clearly the presence of at least 2 peaks. The second peak at 57nm that is 45.5 X 2 (1/3) can be attributed to the analysis of two nanoparticles. Larger assemblies can also be identified at 66, 72 and 78 nm corresponding to 3, 4 and 5 nanoparticles.
Aggregation can also be evaluated by SAXS. SAXS diagrams do not show aggregation conversely to SPICPMS. It is therefore probable that these peaks witness the presence of more than one nanoparticle in a chitosan filament.
This phenomena also occurs very probably in the 40nm-sample. In this case, it is more difficult to detect as the nanoparticles are less monodisperse in diameter size. It is nevertheless possible to see a shoulder corresponding to 2 nanoparticles at 48nm.
All diameter distributions are fitted with a Gaussian models. This model is preferred to log-normal for data fitting for two reasons. Gold nanoparticles are classically synthesized by regrowth. There is therefore no physical reason for a nanoparticle distribution tailing to the large size side as it is often applied for distributions of nanoparticles obtained by grinding. The tailing of SPICPMS distribution, such as for the 40nm-sample is very probably mainly due to the convolution of various diameter distributions of one or more nanoparticles.
Fitting SPICPMS signals with Gaussian distributions to establish standard deviations shows measurement spreads to be significantly larger for SPICPMS than for SAXS. This phenomenon has already been observed when comparing SPICPMS with other techniques 36 . It is difficult yet to ascribe the origin of this systematic effect but to the multiplicity of nanoparticle trajectories 37 and spatially varying temperatures conditions in the plasma which are all parameters that may degrade the accuracy.
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Perspectives
A path forward to the resolution of SPICPMs metrology issues is proposed with this comprehensive study. The investigation of the effects reported here should lead to means of SPICPMS accuracy improvements. Considering instrumentation, the stabilization of gold nanoparticle suspension in HCl with chitosan down to very low concentrations shows that ICPMS acquisition speed is not in itself a key issue. The simultaneous signal acquisition over the entire mass range such as performed with ICPTOF 38 is in our opinion of much higher importance. Sensitivity improvement is another essential issue. Sensitivity should be increased to analyze nanoparticles of small size (<15nm) but also nanoparticles composed of light elements such as silicon or aluminum, elements that are largely used in nanostructured materials. Considering methodology, sampling appears as an important feature. It is unfortunately hardly ever studied even if directly impacting accuracy. This study is restricted to gold nanoparticles but it makes significant advances in transport efficiency determination. The next step is logically the extension to other materials than gold. It will necessitate similar full suspension characterization by an independent technique such as reported here with SAXS. It especially implies the availability of large range of sizes of monodisperse nanoparticle suspensions which is very difficult to find commercially except for gold, silver or silica. The synthesis of tailored nanoparticles for analytical purposes is therefore another future challenge. The use of such nanoparticle sets will allow to comprehensively study transport efficiency, addressing in particular the question of a possible influence of nanoparticle elemental composition. The tuning of detector as proposed here can be considered as a contribution. Detection is still an issue that has to be improved to establish SPICPMS as a sufficiently accurate technique to complement SAXS or microscopy. Its main asset is the possible simultaneous elemental measurement over the mass range, SPICMS should therefore in the future be the technique of choice for core shell or multi-elemental nanoparticles, provided once again that the entire nanoparticle is analyzed whatever its size.
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